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A class of hybrid photonic-plasmonic structures (HPPS) with
vertical cylindrical cavities is proposed and its performance
in providing a coherent light from spontaneous emission is
investigated. It is shown that the proposed easy-to-fabricate
and robust anodic aluminum oxide structure dramatically
enhances the temporal and spatial coherence compared to
the previously examined HPPS. The physical mechanism of
achieving the temporal and spatial coherence is explained
based on the special optical properties of the proposed HPPS
and it is discussed how this structure enables one adjusting
hybrid photonic-plasmonic optical modes to obtain coherence
for emitters of different frequencies.
Fluorescence is a vastly used optical method for chemical
and biological detection1,2; however, its performance and effi-
ciency shall be enhanced especially in sensing and imaging
applications3–6. Plasmonics appears to be the best method
for tailoring and enhancing the fluorescence emission7,8. It is
known that light can be confined in close vicinity of metallic
surfaces or nano-particles due to the coupling between elec-
tromagnetic (EM) waves and oscillations of electrical charges
at the surface. The idea is to employ This interaction, which
is referred to as surface plasmon resonance (SPR) in a way
that a large enhancement in the optical density of states can
be obtained in the neighborhood of fluorophores. This will be
an effective means for elevating the excitation rate and raising
the quantum yield as well as controlling the angular distribu-
tion of the fluorescence emission9–13.
Although the presence of fluorophore in the vicinity of
metallic structures leads to the above mentioned appealing
features, this adjacency may also increase the probability of
quenching and non-radiative energy loss for the excited fluo-
rophore14–17. This inadequacy can be resolved by means of
a hybrid photonic-plasmonic structure (HPPS), that is created
by attaching a photonic crystal (PC) to the metal surface (plas-
monic structure). In other words, coupling between the sur-
face plasmon polaritons (SPPs), i.e. the EM waves which are
confined along the metal-dielectric interface, and the guided
or trapped modes of the photonic crystal leads to the striking
features of increasing the propagation length of SPPs, confin-
ing light in a deep subwavelength scale, and highly guided
modes and cavity resonances in the PC structure18–21. More-
over, by using an HPPS, the effective length of the evanescent
normal component of SPPs can extend to tens of nanome-
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ters above the metal surface, therefore, the enhancement and
directionality are obtained without any significant quench-
ing22–24.
On the other hand, due to the weak correlation between the
spontaneous emissions of fluorophores, the resulted light is
isotropic in space and broad in spectrum, which in turn lower
the detectability. Therefore, it is potentially advantageous to
utilize a technique to create a coherent light from such spon-
taneous emitters. It must be noted that a desirable technique
shall also prevent any significant loss in the emission inten-
sity25–27. In order to address these requirements, Shi and his
coworkers28,29 have proposed using a HPPS whose optical at-
tributions was previously investigated by the group30. It is
shown that the interaction between the leaky modes (that can
scape from propagating along the metal-dielectric interface)
of HPPS and the fluorescent molecules successfully provides
both the temporal and spatial coherence for the fluorescent
emission. Such a technique can play an important role in dif-
ferent fluorescence applications. However, further investiga-
tions are needed to obtain a more efficient structure with an
inherent capability to be adjusted for different spontaneous
emitters. This is the aim of the present work.
Among different options for the photonic-crystal part of an
HPPS, anodic aluminium oxide (AAO) presents a special fea-
ture; the vertical cylindrical cavities in the structure facilitates
one’s control over the direction of the propagation of the leaky
modes. This provides the directionality of the emitted light
and therefore can enhance the spatial coherence. Moreover,
the frequency of the leaky modes can be adjusted by adapting
the geometry of the cavities. In the literature, the capabil-
ity of AAO in enhancing the intensity of fluorescent emission
has also been addressed31. Nevertheless, AAO has not yet
been used in forming an HPPS to achieve coherent fluores-
cent emission. In this work, a robust and easy to fabricate
HPPS using the AAO structure is proposed that substantially
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FIG. 1. The overall 3D view of the proposed hybrid anodic structure
(left) and its yz cross-section (right).
enhances the coherence, while brings the required flexibility
to be adjusted for spontaneous emitters with different excita-
tion/emission frequencies.
Here, the previously proposed method? which empow-
ers finite difference time domain to simulate fluorescent
molecules is applied to a novel HPPS that is constructed by
placing an inverse photonic crystal, made by pore-opened32
anodic aluminium oxide (AAO), on top of a 200 nm thick sil-
ver (Ag) layer (Fig.1). The cylindrical holes of PC are filled
with S101-doped PVA, which also forms a layer of 50 nm
thickness on top of the AAO. The structural parameters, i.e.,
thickness of AAO layer h = 500 nm, diameter of cylindrical
holes d = 200 nm, and the center-to-center distance the neigh-
boring cylinders a = 250 nm, have been set in a way that not
only the structure can be easily fabricated, but also, it signifi-
cantly enhances the coherence as seen in the rest of this paper.
Similar to the previous test-case, the proposed HPPS expe-
riences an incident continuous EM wave with a wavelength of
575 nm from its side that is perpendicular to the y-axis (Fig. 1)
and the resulting vertical emission (along z-axis) is recorded.
In this way, the detected wave would not be masked by the in-
cident wave. Moreover, this is a wise choice of the excitation
and detection, which is appropriate for imaging and LED ap-
plications. In Fig. 2, the recorded field is shown in frequency
domain. The graph hits its peak at λ = 616 nm with a FWHM
of |∆λ | = 3 nm. On the other hand, using TCF, a coherence
time of τc = 2.1× 10−13 sec or equivalently |∆λ | = 4 nm is
calculated. It is observed that the presence of the proposed
HPPS leads to an almost eight times greater coherence length
for the fluorescence emission.
In order to identify the underlying cause of the emergence
of such a narrow emission bandwidth, all modes propagated
horizontally (along the xz plane) in PC of the proposed HPPS
are also calculated and shown in Fig. 3. It is known that there
is no possibility for p-polarized modes to be vertically propa-
gated since the associated electric field is aligned with z-axis.
On the other hand the electrical field is directed horizontally
for s-polarized modes and thus, for each wavelength that the
horizontal propagation is prevented by HPPS, a vertical re-
flection is possible. Therefore, considering that the excitation
input wave is aligned with y-axis, one should focus on the
y-directed s-polarized propagation graph in Fig. 3, which re-
veals a trough at λ = 616 nm. In this sense, the portion of
the emission band of S101 molecules that coincides with this
trough is expected to reflect vertically while the rest propa-
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FIG. 2. Wavelength spectrum of the detected wave obtained for the
proposed HPPS. The emission pick is observed at λ = 616 nm, while
a lower pick occurs at λ = 575 nm that corresponds to the unab-
sorbed portion of the excitation wave. Shown in the inset is the fringe
visibility as a function of the separation distance of the double-slits.
gates along the metal surface. Since for S101 molecules, the
excitation band overlaps partially with the emission band, the
horizontally propagated modes can excite the neighboring flu-
orophores. This synchronizes the transitions of the molecules
and therefore, a spatial coherence is also expected. The visi-
bilities obtained as results of the double-slits tests are shown in
Fig. 2 (inset), which clearly shows a spatial coherence width
of greater than 10 µm. Anyway, this coherence width is pro-
portional to the propagation length of the horizontally propa-
gated modes, which is determined by the imaginary part of the
corresponding wave-vectors. It can state that in the near-field,
the plasmonic modes are responsible for coherence while the
s-polarized modes are capable to transfer this coherence to the
far-field. It must also be noted that the conversion between
the s- and p-polarized modes is possible due to the random
orientation of the dipole moment of the molecules and inter-
nal reflections inside cavities. It is worth noting that the wider
the spectral range of the horizontally propagated modes, the
larger the portion of energy absorbed by structure. This is the
case for the proposed HPPS as seen in Fig. 3, where only a
small portion of modes (corresponding to the troughs) is pre-
vented from being horizontally propagated, and thus, a large
portion of the incident energy is responsible for exciting the
fluorophores (see Fig. 2). This is also among desirable fea-
tures of the proposed HPPS compared to the previously pro-
posed structures.
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